Abstract. The Houston-Galveston Airshed (HGA) is one of the major metropolitan areas in the US that is classified as a nonattainment area of federal ozone standards. Formaldehyde (HCHO) is a key species in understanding ozone related air pollution; some of the highest HCHO concentrations in North America have been reported for the HGA. We report on HCHO measurements in the HGA from summer 2006. Among several sites, maximum HCHO mixing ratios were observed in the Houston Ship Channel (HSC), a region with a very high density of industrial/petrochemical operations.
Introduction
The Houston Galveston Airshed (HGA) continues to be a non-attainment region under United States federal ozone standards. Rapid ozone (O 3 ) formation processes are associated with releases of highly reactive volatile organic compounds (HRVOCs) from industrial facilities predominantly located in Houston's Ship Channel (HSC), which comprises large agglomerations of petrochemical industries (Kleinman et al., 2002; Daum et al., 2003 Daum et al., , 2004 Ryerson et al., 2003; Berkowitz et al., 2005) ; the impact of non methane hydrocarbons on downwind non-industrialized areas has been extensively studied . Among HRVOCs compounds that serve as radical sources are of particular concern. Formaldehyde (HCHO) is considered to be an important radical precursor through photolytic formation of HCO· and H· that then variously lead to HO 2 · and ·OH radicals.
While HCHO may be emitted primarily from incomplete combustion in either mobile or stationary sources (Zweidinger et al., 1988; Altshuller, 1993; Chen et al., 2004; Dasgupta et al., 2005) , it can also be formed from ozonolysis of terminal olefins, a pathway that does not consume OH. Relatively stable at night, HCHO rapidly photolyzes after sunrise and serves as an important source for early morning radicals. Some of the highest HCHO levels in North America have been reported for the HGA, in particular the HSC area, ranging from ∼35 to 52 ppbv (Dasgupta et al., 2005; Eom et al., 2008) . Airborne HCHO measurements in HGA likewise exceeded 30 ppbv on some occasions; terminal olefins were identified as the most important precursors . Interestingly, highest HCHO mixing ratios were detected aloft, approximately between 300-1100 m. In the HSC, HCHO events, e.g. short-term increases of HCHO mixing ratios up to 15 ppbv during nighttime, have been reported to coincide with SO 2 and H 2 O 2 excursions, suggesting that HRVOCs may be co-emitted with SO 2 from specific sources and lead to rapid production of peroxy radicals (Dasgupta et al., 2005) . The same study also reported nighttime excursions of HCHO, possibly from flare combustion (the events were accompanied by NO peaks); primary HCHO is thus likely present in at least some industrial emissions.
Several previous studies in various urban areas (Anderson et al., 1996; Possanzini et al., 1996; Friedfeld et al., 2002; Possanzini et al., 2002; Rappenglück et al., 2005; Garcia et al., 2006 ) estimated contributions of primary emissions to the observed HCHO; up to 37% was estimated for the HGA (Friedfeld et al., 2002) . The primary HCHO fraction originating from traffic emissions showed strong diurnal variation (Rappenglück et al., 2005; Garcia et al., 2006) with morning rush hour maxima (up to 100%) and midday minima (down to 20%) as insolation intensity reached a maximum.
The importance of assessing potential primary HCHO has recently been underscored by Olaguer et al. (2009) . Olaguer et al. reported a sensitivity study which assumed that 1% of the flow from 13 flares in the HSC area was HCHO that survived the combustion process. According to the results of this study peak ozone would increase about 30 ppbv at some surface monitoring sites.
In August-September 2006, we made continuous measurements of HCHO and other gases on the University of Houston (UH) Moody Tower (MT). With the help of two other continuous HCHO measurement sites in the HSC area, we decipher and discuss the potential HCHO sources in the HGA.
Methods
The MT site (lat./long. 29.717639 • /-95.341250 • , 4 km southeast of downtown Houston (see Fig. 1 (Gilpin et al., 1997; Cárdenas et al., 2000; Klemp et al., 2003; Hak et al., 2005; Apel et al., 2008; Wisthaler et al., 2008) . The limit of detection for the three HCHO instruments ranged from 50-120 pptv (three times signal-to-noise ratio); the estimated uncertainty was ∼10%. Absolute calibration was performed with aqueous standards monthly or with solution change; an on-board permeation source was used for daily calibration; instruments were also zeroed daily. Data for HRVOC's were obtained by using automated gas chromatography -flame ionization detection . At the MT site, CO, SO 2 , and oxides of nitrogen (NO, NO 2 , NO x , NO y ) were also determined using methods outlined in Luke et al. (2007 Luke et al. ( , 2010 . PAN was measured using a modified Metcon gas chromatograph coupled to an electron capture detector, GC/ECD). At all sites, basic meteorological measurements were made.
Results and discussion

General observations
The high, mean (median) concentrations at the MT, HRM3 and LF sites respectively were 32.5, 3.4 (2.9); 31.5, 4.4 (3.6); and 52.4, 7.1 (6.6) ppbv. A statistical summary is given in Table 1 . The LF site typically exhibited the highest mixing ratios. The mean, median and standard deviation of diurnal variations of HCHO are shown in Fig. 2 . The mixing ratios at HRM3 and LF are higher than those at MT, especially during daytime periods; also, the mean LF HCHO levels were 2-3 ppbv higher than others. In contrast to the HSC sites, HCHO levels at MT show a peak in the median values during the morning hours (06:00-10:00 h) likely indicating rush hour impact. Figure 3 displays the MT HCHO data separated into "urban" and "HSC" wind sectors (see Fig. 1 ). The two peaks in the MT(urban) data, morning rush hour and the mid-afternoon, are of similar magnitude. The MT(HSC) concentrations are up to three times higher and approach the LF levels. The MT(urban) and MT(HSC) levels are similar only briefly around 16:00 h, usually coinciding with the diurnal maximum height of the boundary layer during this field campaign (Rappenglück et al., 2008) and thus with the peak atmospheric mixing period. The MT(HSC) diurnal maximum occurs between the two MT(urban) HCHO peaks. The standard deviation (Fig. 2) is an indicator of short term HCHO events; this is highest for LF. For all sites, the highest standard deviation occurs during 10:00-13:00 h; this is the same period when HCHO levels generally peak at all the sites (Figs. 2 and 3 ). During the morning rush hour at MT, it is notable that the absolute standard deviation is low despite high HCHO levels, reflecting traffic emissions that are reproducible on a day to day basis. In an approach to explore the presence of primary HCHO we split the HCHO data set into daytime (defined as 09:00-21:00 h) and nighttime (21:00-09:00 h) values. "Nighttime" as defined in this case would include some hours of early daylight in the morning, but this time period was selected based on a combination of criteria: (1) limited solar radiation, (2) limited turbulent and convective atmospheric mixing, (3) likelihood of low boundary layer heights (e.g. Rappenglück et al., 2008; Day et al., 2010) , and (4) the presence of rush hour emissions. This selection would most likely include time periods with the maximum fraction of primary HCHO in ambient HCHO. In fact we carried out the same study for nighttime periods excluding the timeframe 07:00-09:00 h, i.e. without major parts of the morning rush hour and actually found slightly higher HCHO/CO ratios. We believe that this may be due to some non negligible remnants of HCHO which was photochemically produced the day before. Figure 4 displays HCHO daytime and nighttime wind roses for all sites. Daytime and nighttime median values are quite similar for each site. This holds for the spatial distribution as well as for the absolute amount of HCHO mixing ratios. The minima occur at night with southerly wind; this is the same for other primary anthropogenic trace gases such as acetylene (not further discussed here). HCHO levels of 0.5-1 ppbv are observed at MT under these conditions, we take this range to be representative of background air masses coming from the Gulf of Mexico.
Median nighttime values at LF are comparable to those at daytime (∼8 ppbv); for W-NW wind, nighttime median values exceed daytime median values (Fig. 4) . At MT, daytime and nighttime maximum median values are associated with E and NE winds (5-6.5 ppbv); the HSC is ENE of MT.
For HRM3 higher nighttime median values are mainly associated with three sectors: NNE-NE (3.5-4.1 ppbv), ESE-SE (3.4-3.6 ppbv), and SW (∼4.6 ppbv). Maximum values also show some distinct dependencies on wind direction. It should be noted that nighttime maximum values can reach about 17 ppbv at the LF site and between 10-15 ppbv at the other sites. These findings suggest some relation to small scale plume events. The observed nighttime HCHO may be primary or originates from ozone-olefin reactions.
Possible contributions to ambient HCHO levels
In the natural atmosphere secondary formation from oxidation of methane and isoprene largely controls the background CO concentration. Hudman et al. (2008) found that CO from biogenic sources exceeds the contributions originating from anthropogenic sources during summer times over the eastern United States. Primary sources for CO are combustion processes. Apart from biomass burning, major combustion processes are associated with anthropogenic activities concentrated in urbanized areas.
As shown in aircraft studies by Herndon et al. (2007) the HCHO/CO ratio may vary by a magnitude depending on daytime and sampling locations. According to Herndon et al. (2007) this may either be due to direct emission sources which have a different fraction of concomitant CO (or do not have CO at all) or secondary production of HCHO during the daytime. The latter has been verified by satellite studies over a wide range for the south-eastern part of the United States (Millet et al., 2008) .
Since CO is directly being emitted from combustion, CO has previously been used in urban studies to evaluate the traffic exhaust related HCHO emissions (Anderson et al., 1996; Possanzini et al., 1996; Friedfeld et al., 2002; Rappenglück et al., 2005; Garcia et al., 2006) . Dynanometer studies showed that the emission ratio of HCHO/CO is typically 0.001-0.002 ppbv/ppbv for gasoline engine passenger cars, but can be 10× higher for diesel cars depending on driving conditions (Schmitz et al., 1999) .
At MT, CO mixing ratios are largely independent of wind direction, except that distinct minima (about 50% less than the average median values) are always observed with southerly maritime wind (see Fig. 5 ); traffic emissions therefore contribute the same way for MT(urban) and MT(HSC) wind sectors.
The HCHO-CO relationships for MT(urban) and MT(HSC) are shown in Fig. 6 . By far the best HCHO-CO correlation (linear r 2 =0.66) is for nighttime MT(urban) (this includes much of the morning rush hour) with a slope of 7.1 pptv HCHO/ppbv CO. The next best correlated data, the nighttime MT(HSC) data, exhibit a slope of 5.2 pptv HCHO/ppbv CO, with a much poorer linear r 2 of 0.23, indicating weak dependencies. MT(urban) daytime data has a slope of 6.4 pptv HCHO/ppbv CO, similar to the nighttime slope at that location albeit correlation is weaker still (r 2 =0.20). MT(HSC) daytime data show little correlation (r 2 =0.13). Weaker correlations during the daytime are most likely due to the importance of daytime photochemistry leading to varying amounts of HCHO. Based on the MT nighttime data sets we thus estimate the upper limit for traffic related primary HCHO emissions to be 0.5-0.7 % of the CO emissions.
Previous studies have used CO for estimating the primary HCHO fraction (Possanzini et al., 1996; Anderson et al., 1996; Friedfeld et al., 2002; Rappenglück et al., 2005; Garcia et al., 2006) . For estimating secondary HCHO fractions either ozone (Friedfeld et al., 2002) or glyoxal (CHOCHO) (Garcia et al., 2006) were used. In our study we apply multiple surrogates for HCHO: (1) CO as a surrogate for vehicular source, (2) PAN as an unambiguous photochemical tracer and (3) SO 2 as an indicator for industrial sources. According to the USEPA (2005) the SO 2 emissions by source sector for Harris County, which includes Houston and the HSC, were as follows for the year 2005: industrial processes: 45.5%, fossil fuel combustion: 39.3%, non road equipment: 9.3%, on road vehicles: 2.9%, waste disposal: 2.2%, solvent use: 0.6%, electricity generation: 0.2%, and residential wood combustion: <0.1%. PAN is a likely better surrogate for photochemical processes than ozone, since (1) background concentrations of PAN are negligible and (2) PAN is not a priori related to HCHO. Based on the MT data set (it offered the most complete trace gas data sets among the three sites) we obtained the following best fit equation (using the least squares fitting routine in Microsoft Excel Solver TM (Dasgupta, 2008) , and the Solveraid approach (de Levie, 2004) to calculate 95% uncertainty bounds): 
where all concentrations are in ppbv. The intercept represents residual HCHO that cannot be accounted for by the above sources and likely represents a mixture of both secondary and primary HCHO. It may also include transport from areas outside the HGA. We checked the usefulness of additionally incorporating ethylene as a marker of flare emissions; however, this did not significantly improve the fit (r 2 =0.81) and was not further pursued. On the other hand, the correlation dropped markedly (r 2 =0.64) if the SO 2 term was omitted.
Illustrative examples for regression model fit
We consider here two separate periods; in both cases the data spans from near background values to a significant excursion. On 14 September 2006 the overnight HCHO background at MT was <5 ppbv at 02:00 h (Fig. 7a) Fig. 7b which also depicts the contributions of each of the terms in Eq. (1); it also portrays the diurnal change in the relative contributions of each of the parameters. The HCHO excursion on 29 September (Fig. 8a ) peaked even earlier in the morning, between 09:30-10:00 h. A backward trajectory analysis using the University of Houston Real-time Interactive Trajectory System (Byun et al., 2004) ( Fig. 9) shows that the air mass came directly from the HSC area to MT. Both SO 2 and PAN (and NO; not shown) show peak values essentially coincident with the HCHO excursion, while CO and C 2 H 4 , both of which were high prior to the HCHO peak, begins to decrease as the HCHO peak begins to subside. Similar to the 14 September case, the NO x /NO y ratio stayed at elevated levels at the time of the HCHO peak (about 0.85-0.90). The minimum NO x /NO y ratios (0.53-0.64) occurred during the afternoon when PAN levels showed enhanced values. The fact that CO levels abruptly decrease during this time suggests that transport from the HSC area may also be impacted by the break-up of the morning inversion that may have resulted in downward mixing of any SO 2 , HCHO, and PAN present in layers aloft. Tethersonde data (Day et al., 2010) to sunrise on 14 September 2006 which is also confirmed by early morning radiosonde data. The break up of the boundary layer occurred gradually until 10:00 h when radiosonde data indicated a boundary layer height of about 400 m a.g.l. The next radiosonde launch at 13:00 h finally indicated an increase of the boundary layer height to about 1450 m a.g.l. and continued to increase until 16:00 h, when it reached about 1700 m a.g.l. It is important to note that easterly wind directions prevailed up to about 500 m a.g.l. in the morning hours. This layer slightly increased until the 10:00 h radiosonde launch. Above this layer wind shear was observed and winds veered to southerly and then to westerly directions. It is likely that thus a shallow layer existed between the boundary height and the height where the wind shear occurred, which predominantly contained air masses which have passed the HSC area before arriving the Moody Tower area. There have been indications for stratified SO 2 plumes aloft based on early morning ozone sonde launchings (Rappenglück et al., 2008) , others have previously observed simultaneously elevated SO 2 and HCHO at HSC (Dasgupta et al., 2005) tial Optical Absorption Spectroscopy (DOAS) at the Moody Tower for 14 September 2009. They report elevated SO 2 mixing ratios along the upper light path (130-300 m a.g.l.) and low values along the lower path (20-70 m a.g.l.) before break up of the nocturnal boundary layer. After the break up of the nocturnal boundary layer the picture is reverse: along the upper light path the SO 2 values decreased rapidly and the SO 2 values along the lower path increased drastically, which coincides with the in-situ SO 2 measurements at the Moody Tower. This is most likely due to a vertical exchange process. We assume that other species which correlate with SO 2 during this event, e.g. HCHO, have most likely been in the same air mass and thus involved in the same transport processes. It is possible that this plume of high early morning HCHO may originate from hot plumes that penetrate the nocturnal and early morning boundary layer. Whatever the exact origin, the regression model predictions also agree reasonably well with the observed HCHO levels prior to and during the excursion, albeit the post excursion values in the afternoon and continuing into the evening and night are somewhat overpredicted by the regression model. Both events have in common that the HCHO/PAN ratios were higher by > 2× during the HCHO events relative to subsequent afternoon hours. 
HCHO/PAN ratio and SO 2
We observe that when the HCHO and PAN data for the MT(HSC) wind sector are plotted against each other, they fall in three classes that largely depend on the SO 2 concentration (Fig. 10) . For <20 ppbv SO 2 (blue and green symbols in Fig. 10 ), HCHO is always <15 ppbv, more than 90% of the time it is <10 ppbv (blue symbols in Fig. 10 ). For <10 ppbv SO 2 , the PAN levels are linearly correlated with HCHO (r 2 =0.51, slope 1.54 ppbv HCHO/ppbv PAN). Similar values are obtained for MT(urban). However, MT(urban) SO 2 levels never exceeded 10 ppbv and this aspect will therefore not be further discussed. While the data group indicated by the green symbols (SO 2 levels between 10-20 ppbv) in Fig. 10 is somewhat less correlated, the third group represented by red dots shows stronger linear correlation (r 2 =0.86, slope 4.36 ppbv HCHO/ppbv PAN). This group consists of samples with SO 2 concentrations 20-60 ppbv with a few containing 60+ ppbv SO 2 . The different slope values are consistent with the observation that HCHO events are accompanied by significantly higher HCHO/PAN ratios. The possibilities include: (1) some primary HCHO is associated with SO 2 emitting sources and (2) VOCs that react to form both HCHO and PAN are (a) co-emitted with SO 2 and/or (b) emitted from sources collocated to SO 2 emission sources. The correlation between HCHO and PAN is both significant and bimodal; this suggests at least two different types of VOCs that are being emitted. For instance, photochemical degradation of ethylene would lead to the formation of HCHO but not PAN, whereas propylene would be able to serve as a precursor for both HCHO and PAN. 
Overall contributions
As shown in the insets of Figs. 7b and 8b, we can evaluate the fraction of HCHO associated with each surrogate. Considering all days, the HCHO levels at the MT site can be accounted for as follows: 38.5±12.3% from primary vehicular emissions (using CO as an index; this is slightly higher than the 37% previously suggested (Friedfeld et al., 2002) , 24.1±17.7% formed photochemically (using PAN as an index) and 8.9±11.2% from industrial emissions (using SO 2 as an index). The balance 28.5±12.7% constituted the residual which cannot be easily ascribed to the above categories and/or which is transported into the HGA. All fractions show distinct diurnal variations that are closely linked to the diurnal variations of emissions, photochemical processes and wind patterns (see Figs. 7b and 8b) : the primary HCHO is dominant in the morning rush hour (06:00-09:00 h); the SO 2 related HCHO fraction, which occurs under wind directions from the HSC, prevails between 09:00-12:00 h. In the afternoon HCHO is dominantly of secondary origin. Residual HCHO shows only limited diurnal variation. On an hourly basis, the range of the fractions are: CO-related HCHO (8.9-74.8%), PAN-related HCHO (1.7%-70.8%), SO 2 related HCHO (0.1-67.2%), and residual HCHO (3.5-60.8%).
The SO 2 related HCHO fraction as well as residual HCHO have a strong dependence on wind direction (Fig. 11) and thus their diurnal variations are controlled by local wind systems, e.g. the land sea breeze system, which favors morning transport of polluted air masses from the Ship Channel, or synoptic conditions which often provide persistent southerly winds and advect unpolluted marine air masses (Rappenglück et al., 2008) . The SO 2 fraction displays a distinct maximum under E-ENE wind, (also SW during daytime) and more importantly under E-NNE wind during nighttime, suggesting point sources. Median SO 2 -related HCHO fraction for these wind directions can reach 20-30% during daytime (average median fraction: 6.2%) and up to 40% at nighttime (average median fraction: 10.1%). While the absolute median value of HCHO is low (1.2-2.0 ppb), the fractional contribution of residual HCHO is maximal (between ≈47-50%) when marine winds come in, suggesting background air masses.
Dependence on wind direction
Figures 12a and b display contributions to ambient HCHO mixing ratios and their dependence on wind direction. In addition, median mixing ratios of selected olefins are included. Background HCHO contributions range from 500-1 ppbv and show the least directional dependence. Under "urban" and HSC wind directions, the secondary HCHO fraction exceeds the primary HCHO fraction during the day. At night, the primary HCHO fraction dominates. As can be seen for the daytime data, the wind roses for ethylene and propylene largely correlate with the non-CO HCHO fraction, suggesting OH driven photochemistry during daytime. As mentioned before, the SO 2 fraction plays a distinct role under very specific wind directions, predominantly coming from the HSC area. While mixing ratios of ethylene and propylene seem to better correlate with the PANrelated HCHO fraction than the SO 2 related fraction during the daytime, they show a closer relationship with the SO 2 -related fraction during nighttime. In all cases, propylene correlates better than ethylene with the SO 2 -related fraction, displaying a maximum r 2 =0.94 during nighttime. This close relationship either implies co-emission of HCHO or HCHO formation through ozonolysis of alkenes during nighttime. Though the simultaneous occurrence of PAN may hint exclusively to secondary production of HCHO, the possibility that other processes may be co-occurring cannot be excluded.
At the MT site, after the breakdown of the morning inversion, there are frequently excursions of HCHO, together with those of SO 2 and PAN; the SO 2 related HCHO fraction observed at MT is distinctively linked to trajectories passing the highly industrialized HSC area. Apart from traffic-related primary vehicular HCHO emissions, industrial releases of HCHO may be non-negligible in the HGA and may serve as an appreciable source for OH in the early morning.
Conclusions
In-situ measurements of formaldehyde performed in Houston, Texas, in summer 2006 showed a wide dynamic range. At the Moody Tower site close to the downtown area of Houston HCHO was found to correlate with PAN, indicating photochemical formation, with CO, indicating primary traffic related sources, and with SO 2 , indicating industrial related impacts. On a carbon basis, HCHO emissions from mobile sources are up to 0.7% of the corresponding CO emissions. This HCHO fraction is dominant during the morning rush hour (06:00-09:00 h). The SO 2 related HCHO fraction occurs between 09:00-12:00 h. After 12:00 h HCHO is largely of secondary origin. HCHO/PAN ratios depend on SO 2 levels. The SO 2 related HCHO fraction at the Moody Tower site is distinctively linked to trajectories passing the industrial Ship Channel area. Apart from traffic-related primary HCHO emissions, industrial releases of HCHO may be nonnegligible and may serve as an appreciable source for OH in the morning.
